Intramyocardial injection of various injectable hydrogel materials has shown benefit in positively impacting the course of left ventricular (LV) remodeling after myocardial infarction (MI). However, since LV remodeling is a complex, time dependent process, the most efficacious time of hydrogel injection is not clear. In this study, we injected a relatively stiff, thermoresponsive and bioabsorbable hydrogel in rat hearts at 3 different time points -immediately after MI (IM), 3 d post-MI (3D), and 2 w post-MI (2W), corresponding to the beginnings of the necrotic, fibrotic and chronic remodeling phases. The employed left anterior descending coronary artery ligation model showed expected infarction responses including functional loss, inflammation and fibrosis with distinct time dependent patterns. Changes in LV geometry and contractile function were followed by longitudinal echocardiography for 10 w post-MI. While all injection times positively affected LV function and wall thickness, the 3D group gave better functional outcomes than the other injection times and also exhibited more local vascularization and less inflammatory markers than the earlier injection time. The results indicate an important role for injection timing in the increasingly explored concept of post-MI biomaterial injection therapy and suggest that for hydrogels with mechanical support as primary function, injection at the beginning of the fibrotic phase may provide improved outcomes.
Introduction
The loss of functional myocardium after a myocardial infarction (MI) results in a rapid increase in loading conditions, causing a pattern of progressive remodeling that includes ventricular dilation and the formation of a discrete collagenous scar that generally coincides with a thinned ventricular wall [1] . While MI can lead to sudden death by arrhythmic and mechanical effects, individuals who survive the initial event often experience deteriorating cardiac function and progress toward end stage heart failure and its associated low survival rates [2] .
A feedback loop between high ventricular wall stress driving pathological wall thinning, and wall thinning further raising local wall stress is believed to set up as ischemic cardiomyopathy progresses [3] . To interrupt the mechanical aspects of this pathway, several biomaterials-based strategies have been devised. These strategies aim to provide mechanical support to the damaged ventricle, by acting as a barrier to further dilation, or to reduce ventricular wall stress by effectively increasing the area over which the force is applied. The latter can be achieved, for instance, by biomaterial injection to thicken the infarcted wall [4, 5] , or by placement of a patch over the infarcted tissue [6] . In the former case, injection of natural or synthetic hydrogel materials has been a methodology pursued by several researchers, with beneficial effects reported for various types of biomaterials including fibrin gel, hyaluronic acid-based hydrogels, and poly(N-isopropylacrylamide)-based thermally responsive hydrogels [5, [7] [8] [9] [10] [11] [12] [13] . Hydrogel injection therapy is attractive in that supporting materials can be delivered minimally invasively [14] , avoiding surgical intervention. Furthermore, growth factors, drugs and cells might be delivered with the hydrogels to alleviate inflammation and promote tissue repair [5, [15] [16] [17] . Hydrogel injection therapy has recently progressed to clinical trials [18] . Ventricular wall remodeling after MI involves a complex series of interconnected processes including myocyte apoptosis and necrosis, acute and chronic inflammation, extracellular matrix degradation, and the elaboration of new fibrotic tissue [19] . With the onset and abatement of these different phenomena, the mechanical properties of the remodeling ventricular wall vary as well [20] . The remodeling process has been identified with three consecutive phases featuring alterations in both wall structure and mechanical behavior. In the necrotic phase, beginning a few hours after MI, the passive wall mechanical properties are influenced by the onset of edema. In the fibrotic phase, a rapid increase in fibroblasts and collagen deposition occurs. In the long-term remodeling phase, infarct stiffness gradually decouples from collagen content and correlates more with collagen crosslinking [21] . Since the primary function of hydrogel injection is to reduce the mechanical load on the LV wall, and the injected materials interfere with pathological events, it is hypothesized that the timing of injection significantly influences the therapeutic outcome and would thus be critical in designing a successful intervention.
The objective of this study was to examine the effect of injection timing for the injection of a thermoresponsive hydrogel in a setting where direct comparisons could be made between histological and functional parameters and where the material injection behavior would not vary substantially between groups. A relatively stiff, biodegradable hydrogel, poly(NIPAAm-co-HEMA-co-MAPLA; where HEMA = 2-hydroxyethyl methacrylate, and MAPLA = methacrylate-polylactide) [22] , was injected into the infarcted ventricular wall immediately after and at 3 d and 2 w following MI to correspond with the beginning of the necrotic, fibrotic and chronic remodeling phases, respectively. Follow up through ten weeks post-MI was chosen to allow evaluation of the chronic therapeutic effects. Together with the analysis of control rats, the resulting data were expected to provide guidance for assessing when biomaterial injection approaches might be expected to provide a maximal contribution to the sustenance of cardiac function.
Materials and Methods

Materials
All chemicals were purchased from Sigma-Aldrich unless otherwise stated. Nisopropylacrylamide (NIPAAm) was purified by recrystallization from hexane and vacuumdried. 2-Hydroxyethyl methacrylate (HEMA) was purified by vacuum distillation. Lactide, benzoyl peroxide (BPO), sodium methoxide (NaOCH 3 ), methacryloyl chloride and other solvents were used as received.
Synthesis of poly(NIPAAm-co-HEMA-co-MAPLA)
Poly(NIPAAm-co-HEMA-co-MAPLA) was synthesized from NIPAAm, HEMA and MAPLA by free radical polymerization as previously described [22] . The feed ratios of NIPAAm, HEMA and MAPLA were 80/10/10. Monomers (0.066 mol) were dissolved in 180 mL of 1,4-dioxane containing 0.23 g BPO. The polymerization was carried out at 75°C for 20 h under argon protection. The copolymer was precipitated in hexane and further purified by precipitation from THF into diethyl ether and vacuum-dried, with yields of ~80%. The copolymer was then dissolved in PBS at 15 wt% at 4°C to form a viscous hydrogel solution. Fluorescently labeled copolymers were synthesized using the same reaction conditions with fluorescein O-methacrylate added at a feed ratio of an additional 2%, with all of the other monomer molar ratios remaining constant.
Animal model
10-12 week old adult female syngeneic Lewis rats (Harlan Sprague Dawley Inc., Indianapolis, IN, USA) weighing 200-F250 g were used for this study. The research protocol followed the National Institutes of Health guidelines for animal care and was approved by the Institutional Animal Care and Use Committee of the University of Pittsburgh. Rats were divided into 3 injection treatment groups (immediately after MI (IM), 3 d after MI (3D) and 2 w after MI (2W)) and 2 control groups (healthy and MI without treatments) to study the short-and long-term effects of MI and hydrogel injection. MI with saline injection immediately after MI served as an additional control for cytokine quantification.
Left ventricular infarction and hydrogel injection
Left ventricular infarction was created by ligation of the proximal left anterior descending (LAD) coronary artery as previously described [23] . Briefly, rats were anesthetized with 3.0% isoflurane inhalation with 100% oxygen followed by intubation and respiratory support with a rodent volume-controlled mechanical ventilator (683 Ventilator, Harvard Apparatus, Holliston, MA, USA) at a tidal volume of 3 mL and 80 breaths/min. Rats were placed in the right decubitus position, and the chest was shaved and prepared with povidoneiodine solution. Procedures were performed in a sterile environment on a heating blanket. The heart was exposed through a 4th left thoracotomy with electrocardiogram monitoring. The proximal LAD coronary artery was ligated with 7-0 polypropylene. The incision was closed in layers with 5-0 polypropylene continuous sutures. The animals were allowed to recover from anesthesia and returned to their cages.
For the IM group, this injection occurred within 30 min of LAD ligation. Visual identification of infarction was used to include rats with large infarction sites as prolonged general anesthesia for echocardiography can cause death for infarcted rats. A total of 100 μL of poly(NIPAAm-co-HEMA-co-MAPLA) solution in PBS (15 wt%) was injected into the apical, proximal, lateral, and septal wall regions bordering the infarct as well as into the center of the infarct (5 injections, 20 μL per region). The volume of hydrogel injected was arrived at based on the authors' experience performing biomaterial injections into this rat model, generally seeking to maximize injection volumes, but recognizing that hydrogel regurgitation will increasingly occur when too large of injection volumes are attempted. To increase the injection volume of hydrogel and achieve a more even distribution of hydrogel in the myocardium, the hydrogel was injected into 5 injection sites in and around the infarction area. The incision was closed in layers with 4-0 silk continuous sutures. For rats in the 3D and 2W groups, the rats were anesthetized and evaluated with echocardiography two days after MI to measure the infarct size in terms of the percentage of scar area (akinetic or dyskinetic regions) to LV free wall area. Only rats with infarction >25% of the LV free wall were included. At the time of injection the infarcted anterior surface of the rat heart was exposed through a left thoracotomy and the hydrogel was injected as described above.
Time points
Rats in the treatment groups and the MI group were sacrificed within 2 w (short-term) and 10 w (long-term) after MI. Figure 1 shows the key time points for the experiments.
Short-term: Rats with MI without hydrogel injections were assessed with echocardiography (n=10) and Masson trichrome & immunohistochemical staining (n=12) throughout the first 2 weeks after MI before sacrifice. Rats in the MI control group were sacrificed 30 min, 3 d, 1 w and 2 w after MI. 3 rats each from the IM group, 3D group and MI with saline injection were sacrificed 1 w after MI for acute immunohistochemical staining and cytokine quantification.
Long-term: 46 rats were used for the longer-term cardiac function and histology follow-up study: 12 rats for the IM group, 10 rats for 3D group, 14 rats for 2W group, and 10 rats for MI control group.
Echocardiography
Rats were anesthetized with 1.25-1.5% isoflurane inhalation with 100% oxygen. Standard transthoracic echocardiography was performed using the Acuson Sequoia C256 system with 13-MHz linear ultrasonic transducer (15L8; Acuson Corporation, Mountain View, CA, USA) in a phased array format. B-mode measurements on the LV short axis view (papillary muscle level) were performed. The end-diastolic (EDA) and end-systolic (ESA) LV internal cavity areas were measured by tracing the endocardial border. M-mode tracing images were also recorded from the same short axis view. The LV fractional area change (%FAC) was estimated as %FAC=[(EDA−ESA)/EDA]×100%. LV end-systolic volume (LVESV) and LV end-systolic volume (LVEDV) were estimated using the following formula of Teichholz: LV volume=7.0/(2.4+D)×D 3 (D=diameter, measured by M-mode echocardiography at endsystolic or end-diastolic cardiac phase). LV ejection fraction (LVEF)=[(LVEDV−LVESV)/ LVEDV]×100. Echocardiography and offline tracing processing were done by the operators, who were blinded to the treatment assignment.
Histology and immunohistochemistry
Rats were anesthetized, and the heart was exposed and arrested at the diastolic phase by injection into the apex of 2 mL of a hypothermic arresting solution including 10 U/mL of heparin, 68 mM NaCl, 1 M KCl, 36 mM NaHCO 3 , 2.0 mM MgCl 2 , 1.4 mM Na 2 SO 4 , 11 mM dextrose, and 30 mM 2,3-butanedione monoxime. The hearts were explanted and fixed in 2% paraformaldehyde for 2 h at 4°C and then embedded with optimal cutting temperature compound (Tissue-Tek, Torrance, CA, USA) followed by freezing at −80°C. Embedded, frozen LV tissues were serially sectioned at 8 μm in the LV transverse direction at the center of gel injected area and mounted on glass microscope slides. Sections of each heart were fixed in 4% paraformaldehyde, blocked with staining buffer for 1 h (2% goat serum in PBS) at room temperature, and incubated with mouse monoclonal antibody against CD68 (1:100, AbD Serotec, Oxford, UK) as a pan-macrophage marker, rabbit polyclonal antibody against alpha smooth muscle actin (α-SMA; 1:200, Abcam, Cambridge, MA, USA), rabbit polyclonal antibody against neutrophil elastase (1:200 Abcam), mouse monoclonal antibody against CD31(1:100 Abcam). Nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI, Vectashield, Burlingame, CA, USA). Sections that were stained with only the secondary antibody were used as negative controls. Slides were examined with an Olympus IX51 microscope and images captured using DP2-BSW software (Olympus America Inc., Center Valley, PA, USA). For each retrieved sample, 10 different microscopic fields at 200× magnification were photographed for α-SMA. To determine quantity of vessels or arterioles, the number of α-SMA-positive structures was measured using ImageJ at 200× magnification. Vessels were identified as tubular structures positively stained for α-SMA and CD31. Arterioles are defined α-SMA and CD31-positive structure, having visible lumen, and more than 10 μm in diameter. α-SMA-positive area was measured within infarcted area and this parameter includes not only clustered regions of α-SMA-positive tissue but also endocardial α-SMA-positive area. All measurements and assessments were performed using ImageJ.
Determination of infarction size, scar area, and LV anterior wall thickening
The cross-sectional surface after Masson's trichrome staining was digitally photographed at the level of center of injection sites. Infarction size was defined as a percentage of the sum of the epicardial and endocardial infarct circumference divided by the sum of the total LV epicardial and endocardial circumferences. Scar area was measured as an infarction scar area using computer-based planimetry. LV anterior wall thickness was expressed as follows: scar area/[(epicardial circumference + endocardial circumference)/2]. Measurement of each parameter (n=6 each group) was performed using ImageJ.
Quantification of TNF-α, IL-1β and IL-6 in infarcted LV wall
The heart was explanted, quickly frozen in liquid nitrogen and stored at −80°C. 1 piece of sample was cut from the center of infarcted LV with the injected hydrogel. Sample was dissolved with cOmplete Lysis-M (Roche Diagnostics Corporation, Indianapolis, IN, USA) and the total protein content was measured with Protein BCA Protein Assay Kit (Thermo Fisher Scientific Inc., Pittsburgh, PA, USA). TNF-α, IL-6 and IL-1β amounts in the dissolved sample were measured with corresponding ELISA assay kits (TNF-α: ab100785; IL-6: ab100772; IL-1β: ab100768, Abcam). The measured TNF-α, IL-6 and IL-1β amounts were then divided by total protein content to give the expression level for the detected proteins.
Statistical analyses
Statistical analyses were performed using OriginPro 8. Results are presented as mean ± standard error of the mean. For the short-term effects of MI on cardiac function, a one-way repeated measures analysis of variance (ANOVA) followed by Bonferroni testing of specific differences was employed. Two-way ANOVA followed by Tukey's test was applied for long-term cardiac function comparisons between treatment groups. One-way ANOVA followed by Tukey's test was applied for all multi-group comparisons in the study. Differences were considered to be statistically significant at p<0.05.
Results
Short-term changes in LV after MI
Cardiac function was followed during the first 2 weeks after MI. End-systolic and enddiastolic area increased significantly with time ( Figure 2A) . After an initial drop in fractional area change (%FAC) and ejection fraction (EF) within the first day after MI, both indicators generally remained stable except for a slight rebound in EF at day 3 followed by a deteriorating trend (Figure 2B,C).
As shown in Figure 3A , the infarcted region of the LV was visually apparent 30 min after MI, and edema could be observed macroscopically at 3 d after MI. At 2 w after MI the infarcted region could be clearly differentiated visually. Histologically, no significant morphological changes were observed 30 min after MI ( Figure 3B1,C1) . At 3 d post-infarction, regions of the LV wall had lost cardiac muscle and tissue edemic effects were apparent ( Figure 3B2 ). Only a small portion of cardiac muscle remained in the infarcted LV wall 1 w after MI, with a substantial increase in collagenous tissue ( Figure 3B3,C3) . Almost the entire infarction zone was occupied by fibrotic tissue 2 w after MI, and the LV wall was significantly thinner than the healthy counterpart ( Figure 3B4,C4 ).
The infiltration of neutrophils and macrophages into the infarcted LV was characterized by staining marker proteins neutrophil elastase and CD68, respectively. As shown in Figure 4A , neutrophils responded rapidly and appeared in the LV myocardium shortly after the ischemic event with a transmural distribution at the 3 d time point. The neutrophil infiltrate was markedly reduced at the later 1 and 2 w time points (Figure 4B-D) . Few macrophages were present in the infarction area shortly after MI (Figure 4A ), while a greater macrophage infiltrate was observed at 3 d and a similar level of macrophage infiltration was maintained at least until the end of the first week after MI ( Figure 4B,C) . Fewer macrophages were seen to reside in the LV at 2 w after MI ( Figure 4D ).
Distribution of injected hydrogel in the infarcted LV
At 3 d, 1 w and 2 w after MI, hydrogel that was fluorescently labeled by the incorporation of a green fluorescent monomer during polymer synthesis was injected into the infarction zone and rats were sacrificed within 30 min after the injections [24] . As shown in the tissue sections of Figure 5 , the injected hydrogel formed distinct volumes in the LV wall. Clear boundaries between the injected hydrogel and the tissue could be observed in all 3 groups: no cell nuclear staining was apparent in the hydrogel region and hydrogel spreading into the peripheral tissue was not apparent, despite the diversity of composition and structure of the infarcted LV wall at different times following MI.
Effect of MI and hydrogel injection on the expression of inflammatory cytokines
The expression of inflammatory cytokines TNF-α, IL-1β and IL-6 during the first week after MI was measured by ELISA in LV samples with hydrogel injection. Compared to the salineinjected MI control immediately after MI or at 1 w after MI, hydrogel injection immediately after MI (IM) did not alter the expression level of TNF-α, IL-1β or IL-6. No significant effect was found for hydrogel injection 3 d after MI (3D), either. However, waiting 3 days for injection resulted in lower levels of TNF-α and IL-1β compared to injecting immediately after MI (Figure 6A,B) .
Long-term effect of injecting hydrogel at different time points
As shown in Figure 7 , scar tissue rich in collagen could be found in all hydrogel injection groups and the MI control 10 w after MI. The hydrogels in all injection groups had separated into smaller regions. The remaining hydrogel was encompassed by tissue consistent with a foreign body response including multinucleate foreign body giant cells and collagen deposition. In terms of the wall thickness, the 3D and 2W groups showed a beneficial effect over non-treatment MI control with a thicker LV wall, with the outcome of injecting 3 d after MI (3D) being significantly more favorable between the two injection times ( Figure  7L ). 3D group also showed a smaller infarction size compared to MI control and 2W group ( Figure 7M ). In contrast, hydrogel injection immediately after MI (IM) failed to maintain the thickness of LV wall or limit the infarction size, making its therapeutic effect inferior to the other 2 injection times. In addition, more muscle-like tissue can be seen in the LV from 3D group and 2W group comparing to IM group.
Echocardiographic functional assessment yielded similar trends at 10 w post-MI. ESA and EDA of the MI control group had significantly increased over time compared to the healthy control, a typical sign of pathological LV dilation ( Figure 8A,B) . All 3 hydrogel injection groups showed beneficial effects in preventing LV dilation to some extent, among which the 3D group was more effective than the other 2 hydrogel injection groups. As indicated by %FAC and EF, the pumping function of the heart showed the expected deterioration as a result of MI, with partial preservation of pumping by injecting hydrogels at 3 d or 2 w post-MI, but not injecting immediately after MI (Figure 8C,D) . Again, the 3D group showed statistically superior cardiac function preservation among the three hydrogel injection groups, which was also confirmed by fractional shortening assessment (Supplemental Figure  2) . Consistent with the previous qualitative observation of more muscle-like tissue in the Masson's trichrome stained sections from the 3D group comparing to IM and 2W groups, larger α-SMA positive area was found in immunohistochemical stained sections from the 3D group, as shown in Figure 9A -E. More α-SMA positive area was located near the endocardial side of the LV and underlying the injection sites. Vasculature structures could be found in sections from all hydrogel injection groups, among which the 3D group contained a significantly greater number of vessels in the infarction zone ( Figure 9F ).
Discussion
In clinical practice, reperfusion therapy is critical to eligible MI patients. According to AHA (American Heart Association) guideline, reperfusion therapy should be administered to all eligible patients with ST segment elevation myocardial infarction (STEMI) with symptom onset within the prior 12 h [25] . Primary percutaneous coronary intervention (PCI) is the recommended method of reperfusion for STEMI patients when it can be performed in a timely fashion, which is 90 min or less after initial medical contact [26] . Given the minimally invasive nature of PCI, qualified patients can be discharged in 30 h. Minimally invasive intramyocardial hydrogel injections could be delivered transendocardially (PCI) or transepicardially (catheter through a subxiphoid incision). A catheter equipped with a cooled injection line might be an effective means by which to keep the hydrogel in the liquid, injectable phase prior to delivery into the warm ventricular wall. Theoretically, either route does not have the risks associated with thoracotomy and could be in conjunction with reperfusion PCI or in a separate procedure at some point after PCI. In addition, diagnostic data given by MRI could provide the location and size of infarction, providing the basis for personalized injection strategies.
The theoretical mechanism by which hydrogel injection therapy is beneficial to the infarcted ventricular wall is by increasing the wall thickness and thus decreasing the wall stress in the myocardium, including the infarction zone and remote healthy areas [4] . Using MRI-derived diastolic strain data in a FE model, Dorsey et al. demonstrated that hydrogel injection increased infarct stiffness throughout a 12 week study when compared to saline-treated controls [27] . The mechanical load reduction may influence the biological pathways which dynamically regulate tissue necrosis and healing in a favorable way. Increased LV wall stress as a result of dilation is a powerful stimulus for intracellular signaling transduced by mechanoreceptors [1] . High wall stress activates of the local tissue renin-angiotensin system (RAS), which leads to the up-regulation of angiotensin II (Ang II). Ang II elevation augments cardiovascular inflammation through the production of inflammatory mediators like TNF-a, IL-6 and IL-1β; it also enhances subsequent fibrosis via matrix metalloproteinase (MMP)-mediated degradation of the extracellular matrix and production of collagen I and III [28] [29] [30] . In addition to mechanical effects, hydrogel injection also induces a local foreign body response which may interact with the time dependent signaling related to cardiac remodeling. In particular, this response may be associated with increased neovascularization and an extended period over which macrophages are recruited to, and are present in, the region of the infarct. In considering the results, it is assumed that the predominant effect of the injected hydrogel for this study is mechanical. For weaker hydrogels, or hydrogels with imparted bioactivity through loaded bioactive agents, this may not be the case and other pathways may dominate over those for this particular hydrogel.
Despite the considerable number of studies in the field of hydrogel injection therapy for MI, the influence of injection time is not well understood. A variety of times have been selected to pursue the intervention, making it difficult to draw broad conclusions. The most common times evaluated in the literature range from immediately after to 2 w post-MI [10, 12, [31] [32] [33] [34] [35] [36] [37] , while a rationale for injection time selection is seldom provided. Consideration of morbidity and mortality from multiple thoracotomies and experimental expediency likely plays into the "immediately after" choice. For injections 1 to 2 w post-MI, an advantage is that the animal's condition can be stabilized prior to the injection procedure. A number of cases showing beneficial impacts on LV remodeling have been reported for both time choices among various models involving different hydrogel materials and animal models [31, 33, 34, [36] [37] [38] .
Two prior studies have each compared two time points in a rat model. Landa et al. showed that alginate gel injection was effective in positively altering LV remodeling in both recent and older infarcts (injected 1 w and 8 w after MI) [7] . However, since the time points at which the final assessments were performed were different, it is difficult to directly compare the effects of the 2 injection times. Kadner et al. directly compared the efficacies of different injection times. An MMP-sensitive polyethylene glycol (PEG) based hydrogel was injected into the rat LV immediately after and 1 w after MI. Beneficial functional effects in the 4 week study were observed only in the 1 w group, possibly due to the diffused form and fast degradation observed for this PEG hydrogel when injected immediately after MI [40] . In contrast, in the current study the injected hydrogels showed a consistent form after injection and appeared to exhibit similar degradation rates, but this is only based on qualitative observations of remaining hydrogel volume at the time of tissue recovery. Furthermore, the time points evaluated in the current study correspond with the distinct remodeling phases in rat ventricular remodeling after MI. In the mouse model, and using a non-synthetic, collagen-based material, Blackburn et al. recently reported injections at one time point in the necrotic phase (3 h) or one of two time points near the end of the fibrotic phase (1 or 2 w) [41] . They found that collagen injections at 3 h and 1 w after MI partially preserved cardiac function 4 w after treatment, and the 3 h injection favorably interacted with the early inflammatory response. However, this study also lacked of direct comparisons between consistent end points, since the final assessment time after MI was variable, based on the changing injection times. The distribution and absorption of injected collagen was also not followed.
The intramyocardial distribution and degradation of injected hydrogel did not appear to vary despite the obvious changes in the structure of the cardiac injection substrate at the different injection times. This might be related to the rapid sol-gel transition of hydrogel upon injection and the hydrolysis dominated degradation mechanism. These properties better allowed the investigation of the injection time effect alone, minimizing the interactive influence from inconsistent hydrogel behavior. For the wide variety of hydrogels employed in injection therapy studies, the permeability, modulus and degradation profile have in some cases been shown to have a significant, sometimes decisive influence on the efficacy of treatment [3, 39, 40] . Although deriving a universal conclusion covering all types of hydrogel injection candidates is not possible, the results should provide guidance for those hydrogels emphasizing a mechanical effect.
In this study we were guided by the temporal pattern of physiological reactions after MI in determining a more favorable, clinically relevant injection time. As characterized in the first part of the study, transmural infarction over a major portion of the LV was confirmed and a sequence of well-recognized events post-MI were identified, including the rapid decay of cardiac function immediately after MI, massive infiltration of inflammatory cells peaking 3 d after MI, and subsidence of acute inflammation around 2 w post-MI. Although it was anticipated that these events would occur according to the classical timeline described in the prior literature, it was confirmed that the chosen injection time points correlated to the cardiac remodeling stages post-MI in the chosen model (permanent ligation, no reperfusion). The responses to MI in human are similar to those in rats, and can also be divided into 3 phases, although the fibrotic phase begins at about 1 week post-MI in humans, as opposed to 3-5 days in rats [21] .
In terms of preserving both long-term cardiac function and LV geometry, the 3D group was more effective than the 2W group, while the IM group showed no beneficial outcome compared to MI control. These results indicate that hydrogel injection at the end of the necrotic phase/beginning of the fibrotic phase rather than in the necrotic phase or in the remodeling phase is most likely to have the highest efficacy. The lack of efficacy of hydrogel injection immediately after MI has been previously reported with different hydrogels and animal models [32, 35] , raising questions as to the interpretation of efficacy data from immediate intervention models in the literature. The IM injection time occurs when the LV myocardium is still temporarily intact in structure and viable cardiomyocytes are being challenged by low oxygen supply immediately after the ischemic event [42] . Locally injecting a hydrogel into this milieu may represent a secondary injury to the tissue and cells. In addition, the original purpose of hydrogel injection as a mechanical support could be attenuated by interstitial edema which stiffens the LV during the first several days after MI [43] . The hydrogel will also stimulate a foreign body response, regardless of when it is injected. The presence of this response in the early necrotic phase may stimulate inflammatory activity that is additive and detrimental, given the tissue substrate present at this time point.
Entering the fibrotic phase at 3 d, collagen deposition gradually dominates the mechanical behavior of infarcted LV [44] . The content of collagen I and III begins to increase and continues to increase for at least 3 weeks in rats [32] . Hydrogel injection at the beginning of the fibrotic phase may avoid the drawbacks of injecting immediately after MI and influence the infiltrated inflammatory cells and approaching wave of fibroblasts in a way which eventually alters the deposition of collagen fibers and LV remodeling. The relatively higher level of inflammatory factors after the first week for the IM group shows that injecting immediately after MI may interfere with subsequent fibrotic reactions in a negative way. In addition, after ischemic injury, fibroblasts can differentiate into myofibroblasts and the latter express α-SMA which peaks within 2 weeks after MI and decreases as scar tissues mature [45] . While it is possible that the α-SMA positive cells are myofibroblasts, it is worth noting that similar studies in the rat MI model where an epicardial patch was placed post-infarction similarly noted areas enriched in α-SMA positive cells [6, 46] . In one report evaluating these cells for other expression patterns it was found that, unlike myofibroblasts, several contractile smooth muscle markers (caldesmon, calponin, SM 22, and SMMHC-2) were present [6] . In a subsequent report these α-SMA cells were also shown to positively stain for sarcomeric α-actinin and cardiac-specific troponin-T as well as cardiac transcription factors Nkx-2.5 and GATA-4, in a manner that was consistent with that seen in developing embryonic myocardium [46] . These results, if translated to the biomaterial injection model, would suggest a non-myofibroblastic character for the α-SMA positive cells and caution against a direct conclusion that these cells are myofibroblasts. Without further evaluation in this model, the conclusions that can reached are limited, however it appears likely that the α-SMA cells, regardless of their characteristics, are contributory to the increased wall thickness observed with biomaterial injection.
Two weeks after MI, cardiac functions are substantially lower, few cardiomyocytes are left in the infarction zone, acute responses have diminished, and the LV has entered the remodeling phase and is dilated. Therefore, hydrogel injection 2 weeks after MI will miss the acute phases and can only affect the remodeling process. The 3D injection point led to the lowest infarction size among all groups, indicating an influence towards a less fibrotic healing response, and more local vascularization, suggesting a less responsive tissue substrate for later injection time points. The increased vascularization may have aided the remodeling process to better preserve local tissue resulting in a thicker LV wall and better preserved functionality.
In this study we focused on evaluating the differences between the different potential times of hydrogel injection, with the inclusion of one long-term control group without hydrogel or saline injection. However, since the injection procedure itself may cause an inflammatory response and affect the remodeling process, a group with saline injection alone could be considered for control purposes. Such a control was performed in a previous report from our group using the same rat MI model, and it was shown that saline injection did not provide improved functional outcomes versus hydrogel injection [5] . Since confirming the therapeutic benefit of hydrogel injection is not the primary objective of this study, and to reduce the number of animals utilized, further saline injection control experiments were not conducted.
Apart from the results presented in this study indicating that hydrogel injection at the beginning of the fibrotic phase is more beneficial than immediately after MI or at the beginning of the remodeling phase in a rat model, several limitations should be noted. Although one can speculate (as above), the mechanisms behind the improved outcomes associated with injection at the beginning of the fibrotic phase are unclear. Second, the size of the rat heart model means that the delivery techniques used and the overall amount of hydrogel injected would vary substantially from that needed for the human. A large animal model would better capture these effects, although the general course of cardiac remodeling would follow the same temporal trends. Finally, only three injection time points were studied, together with the non-injection control group. Although these time points were selected to correspond to distinct transitions in the remodeling pathway post-MI, including a higher frequency of injection times might indicate more effective times between the 3D and IM or 2W groups.
Conclusion
In this study, the effect that timing of thermoresponsive hydrogel injections had on cardiac remodeling and function post-MI was examined. Without injection, the first week after MI was associated with marked pathological and morphological changes and acute inflammation. Injection at the beginning of the fibrotic phase (3 d after MI) was found to be superior to injection immediately after MI or injection in the remodeling phase (2 w after MI) in terms of minimizing LV dilation and preserving cardiac function. Although associated with one particular type of hydrogel, this result provides guidance in defining the most efficacious time for hydrogel injection after MI and characterizes the associations between different intervention times and their impact on the ventricular remodeling process post-MI.
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